Abstract-The effects of radiation-induced defects and statistical variation in the dose and energy of MOSFET channel implants in a modern bulk CMOS technology are modeled using a process simulator in combination with analytical computations. The model integrates doping profiles obtained from process simulations and experimentally determined defect potentials into implicit surface potential equations. Solutions to these equations are used to model radiation-induced edge leakage currents in 90-nm bulk CMOS n-channel MOSFETs. The results indicate that slight variations in the channel implant parameters can have a significant impact on the doping profile along the shallow trench isolation sidewall and thus the radiation-induced edge leakage currents.
I. INTRODUCTION
T HE impact of random and systematic process variability on the reliability of space and strategic systems has become increasingly important as feature sizes continue to decrease. In advanced technologies, process variability often manifests during the wafer fabrication process and leads to fluctuations in sensitive design parameters. One potential source of process variability is random dopant fluctuations (RDF) in the channel which can lead to threshold voltage (V th ) mismatch between identical devices [1] - [6] . Another potential source of variability is extrinsic process variation associated with pocket implants [1] , [5] . Indeed, it has been shown that there was a normal distribution in the V th when testing N number of devices in a 90-nm bulk CMOS technology [2] . A possible explanation for this is changes in the channel doping near the surface due to variations in the (a) Parasitic n-FETs associated with an n-channel MOSFET. (b) Effects of increased TID exposure on the threshold voltage and drive current of a single parasitic n-FET. The ith parasitic edge device is described by a specific set of parameters depending on the position along the sidewall (after [9] - [13] ). channel implants. From a radiation perspective, variability is problematic because it could make a system more radiation sensitive and lead to failures [6] - [8] .
One of the primary concerns in advanced deep submicrometer bulk CMOS transistors exposed to ionizing radiation is increased OFF-state leakage current (I d for V gs = 0 V) between the drain and source. The predominant cause of drain-to-source leakage current, also known as edge leakage or intradevice leakage current, is defect buildup (i.e., oxide trapped charge N ot and interface traps N it ) in the corners of the shallow trench isolation (STI). Charge buildup in the STI inverts the sidewall and forms parasitic n-FET structures along the two edges of an "as-drawn" device [ Fig. 1(a) ] [9] - [16] . As the total ionizing dose (TID) accumulates, there is a reduction in the V th and an increase in the drive current of the parasitic n-FETs [ Fig. 1(b) ]. Upon exposure to high levels of TID, the parasitic n-FET can become the dominant path for drain current for gate biases below the threshold voltage of the "as-drawn" device (i.e., leakage). It has been shown that the parasitic n-FET is actually a parallel combination of thin, medium, and thick oxide devices which are functions of the effective width (W ), oxide thickness (t ox ), and doping concentration (N A ) along the sidewall [6] , [10] , [17] . Generally, as the doping along the STI sidewall decreases, the radiationinduced edge leakage currents increase as shown for the 90-nm n-channel MOSFETs in [7] and [10] . Therefore, slight 0018-9499 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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changes in doping along the sidewall near the channel due to RDF, pocket implant variation, or other sources (e.g., changes in processing tools or steps, etc.) can have a significant impact on the radiation sensitivity of a device [6] - [8] , [18] . The two main MOSFET channel implants used to control short channel effects in modern processes are the threshold voltage adjust (V th -adjust) and punchthrough (PT) halo implants. In this paper, the effects of varying the dose and energy of each channel implant on the radiation response of a standard 90-nm bulk CMOS n-channel MOSFET are modeled. The modeling approach, which can be adapted for use in most bulk CMOS technology nodes, combines process simulations with analytical computations that utilize the modified form of the implicit equation for surface potential. In the process simulations, only one parameter (dose or energy) is varied at a time for the V th -adjust or PT implant. Within the analytical model, the increase in trapped charge in the STI is fixed at 2 × 10 12 cm −2 when the depth along the sidewall (z) is less than 10 nm. When z is greater than 10 nm down to the drain-source diffusion depth (∼100 nm), the trapped charge is varied between 4.95 × 10 12 and 5 × 10 12 cm −2 . Based on previous trends at this technology node, it is reasonable to assume that the change in oxide trapped charge ( N ot ) can reach these levels after radiation exposures up to 2 Mrad(Si) [6] , [7] , [9] - [11] , [13] . Here, the interface trap density along the STI sidewall is held constant and does not increase with increasing TID. In the following sections, a method for analytically determining the edge leakage currents is established.
II. MODEL

A. Process Variation
Statistical variations in the dose and energy of the MOSFET channel implants (i.e., V th -adjust or PT implants) significantly impact the doping profile along the STI sidewall, which consequently affects the tolerance of the devices to radiation-induced damage. In order to model the effects of these statistical variations, the doping along the STI sidewall is first computed for a given combination of channel implant variables that produce a doping profile similar to that of an n-channel transistor fabricated in a commercial 90-nm bulk CMOS technology [6] . A technology computer aided design process modeling tool from Silvaco was used to generate these doping profiles. Obtaining the doping distribution along the sidewall is difficult, if not impossible, to measure precisely. However, it is typically assumed that there is a nonuniform doping profile with two peaks which can be adjusted to fit known technology parameters [6] , [7] , [10] , [12] , [19] , [20] .
The V th -adjust implant produces the first peak in the doping distribution along the sidewall (i.e., nearest to the surface) and is used for threshold voltage adjustment and subthreshold swing control in the "as-drawn" device. The second peak located further down the sidewall represents the PT implant. The primary purpose of the PT implant is to limit the effects of subsurface punchthrough between the source and drain. In the model, the nominal values chosen for the dose and energy of the V th -adjust implant were 1.25 × 10 13 cm −2 and 4 keV, respectively. The nominal values for the dose and energy of the PT implant were 1.8×10 13 cm −2 and 24 keV, respectively. The nominal dose and energy values for each implant were selected by fitting the experimentally observed current-voltage (I -V ) characteristics with the analytical model before and after irradiation.
For this study, it was assumed that variations in the dose and energy follow a normal distribution with a normalized mean (μ) = 1 and a standard deviation (σ ) = 0.2. Sample points were taken at μ±0. 5, μ±0.4, μ±0.2, μ±0.1, μ±0 .05, and μ for the V th -adjust implant (corresponding dose/energy levels are listed in Tables I and II ) and μ ± 0.5, μ ± 0.25, μ±0.08, and μ for the PT implant (corresponding dose/energy levels are listed in Tables III and IV) . To illustrate this, a plot of the normalized distribution of the V th -adjust implant energy and the accompanying doping profiles along the STI sidewall for the nominal case, a 50% increase from the nominal, and a 50% reduction from the nominal are shown in Figs. 2 and 3. In Fig. 2 , the symbols represent calculated data points, and the solid line is the theoretical normal distribution for μ = 1 and σ = 0.2. Fig. 4 shows the impact of variations in the dose of the V th -adjust implant on the doping profiles along the STI sidewall for the nominal case, a 50% increase from the nominal, and a 50% reduction from the nominal. A similar set of plots were also created for statistical variations in the dose and energy of the PT implant (not shown). Recall, only one parameter (dose or energy) was varied at a time for each of the MOSFET channel implants [6] .
The process simulation data in Fig. 3 show that a reduction in the V th -adjust implant energy leads to an increase in the doping at the surface and reduces the doping further down the sidewall. If the energy is increased, the doping at the surface is reduced and the doping further down the sidewall is increased. In both cases (i.e., high or low implant energies) the device will become more susceptible to TID damage. The reason for this is that a different radiation-induced parasitic is dominating the edge leakage response. That is, when the energy is low, a parasitic transistor with a thick gate oxide dominates, and when the energy is high, a thin gate oxide parasitic transistor dominates the TID response [6] . If the dose of either channel implant is reduced or increased, the doping at a given location along the sidewall decreases or increases, respectively. This is illustrated in Fig. 4 for the V th -adjust implant.
When the PT implant energy is reduced from the nominal case, there is an increase in the doping levels closer to the surface and a reduction in the doping further down the sidewall. If the PT implant energy is increased, the doping at the surface and further down the sidewall is decreased in comparison to the nominal case. Similar to the V th -adjust case, this will result in a different parasitic transistor dominating the edge leakage response. In both cases (i.e., high or low PT implant energies) the device will become more susceptible to TID damage. Indeed, lower doping levels will make the device more susceptible to radiation damage [7] , [8] , [10] , [12] , [18] .
B. Theoretical Model
As discussed in [10] and [12] , the edge parasitic devices (elementary transistors) represent distinct subdivisions of the conducting sidewall extending from the gate oxide/substrate interface to approximately the drain-source diffusion depth. In this model, it is assumed that the drain-source diffusion depth is 100 nm. An n-FET cross section showing the different edge parameters is provided in Fig. 5 . This cross section is taken along the cutline indicated in Fig. 1 . The number (n) of edge devices chosen for the model must balance the need for simulation accuracy with computational efficiency. It is imperative that doping fluctuations along the STI sidewall (e.g., any peaks and valleys) be captured in the model since those areas will have the greatest influence on the calculated edge leakage current. In the current model, n = 10. For n < 10, the calculated leakage current at 2 Mrad(Si) was significantly different than when using n = 10 for both the nominal doping profile case and when the V th -adjust implant energy was varied by −50%. For n > 10, the calculated leakage currents for the same two cases was within 25% of the leakage currents calculated with n = 10. Here, W (i ) is fixed to a constant value, W s = 10 nm, for all i . The oxide thickness of the first elementary transistor is determined by the engineering of the STI corner and is approximately equal to the gate oxide thickness of the "as-drawn" device [6] , [12] . As shown in Fig. 5 , the oxide thickness of the remaining elementary transistors is calculated along the median electric field line intersecting the STI/ p-type body interface at z i = (i − 1)W s + W s /2 where z is the depth along the sidewall. For a more complete description of the model and edge parameters, the reader may refer to [10] and [12] .
Using the extracted doping profiles along with defect densities obtained from TID experiments on similar devices [10] , [12] , the effects of these parameters on the surface potential, and ultimately the radiation-induced edge leakage currents, are modeled for the elementary transistors along the sidewall. This is ascertained quantitatively with the modified form of the implicit equation for surface potential [21] , [22] 
where V gb is the applied gate-to-body bias, ψ s is the surface potential, M S is the gate-to-body workfunction difference, φ t = kT/q is the thermal voltage, u = ψ s /φ t , and γ is the body factor given by
where q is the absolute value of the electron charge, ε Si is the permittivity of silicon, and C ox is the oxide capacitance per unit channel area. The function H (u) captures the charge contributions of both fixed charge and free carriers in the Si and is expressed as
where φ n is the channel voltage otherwise known as imref splitting, β = 1/φ t , and φ b is the bulk potential defined as
where n i is the intrinsic carrier concentration. The parameter φ nt corresponds to a defect potential which is added to model the effects of N ot and N it . In the model, it is assumed that the charge contributed by N ot is fixed while the charge contributed by N it varies with surface potential [23] - [25] .
If it is further assumed that the energy distribution of the interface traps (D it ) is uniform, then the defect potential can be expressed as
Including the defect potential in (1) allows the surface potential across a MOSFET channel to be calculated analytically not only as a function of terminal voltages and device parameters (e.g., oxide capacitance, workfunction difference, and doping), but also as a function of radiation-induced oxide and interfacial defects. This is critical when modeling radiation effects (e.g., radiation-induced leakage) in CMOS devices. Recall that in this paper, D it is assumed to be constant for increasing TID [6] . The radiation-induced edge leakage current of the i th parasitic device for V gb = 0 V (I d,OFF,i ) is calculated with
where L is the "as-drawn" gate length (120 nm), μ n is the electron mobility, and I 1 (i ) is the drift current component of the i th parasitic device defined as
and I 2 (i ) is the diffusion current component of the i th parasitic device defined as
In (7) and (8), ψ sd and ψ ss represent the surface potential at the drain and source end of the channel, respectively. The total radiation-induced leakage current can be approximated as
III. RESULTS AND DISCUSSION
Using (1)- (9), the edge leakage current can be analytically calculated as a function of the position along the sidewall, channel doping, and defect buildup. Presented in Tables I and II are the radiation-induced edge leakage currents associated with a specific V th -adjust implant energy and dose [6] . Tables III and IV provide the edge leakage currents for variations in the energy and dose of the PT implant. These edge leakage currents were calculated with defect potentials extracted from experimental data on a 90-nm two-edge device (W = 540 nm and L = 120 nm) at a TID level of 2 Mrad (Si). The analytically determined leakage current for the nominal doping profile is comparable to what was observed in the experimental data.
The analytical data indicate that the radiation-induced edge leakage current is much greater than the pre-irradiation edge leakage current for a given set of channel implant parameters. Furthermore, the results in Tables I-IV show that reductions in the dose or energy of either implant lead to a substantial increase in the parasitic OFF-state leakage current. Note, however, that the analytical model does not account for short channel effects and hence the calculated pre-irradiation leakage current is lower than what is observed experimentally. Furthermore, the model assumes that the elementary transistor in the STI corner, which has an effective gate oxide thickness comparable to that of the "as-drawn" transistor, captures fluctuations in the threshold voltage and leakage current of the "as-drawn" transistor caused by changes in the doping concentration near the surface. The results suggest that this is a reasonable assumption.
Shown in Fig. 6 (a) and (b) is the distribution of the radiation-induced parasitic OFF-state leakage current for an n-channel MOSFET due to statistical variations (i.e., normal distributions) in the V th -adjust implant energy and dose, respectively. A similar set of plots for statistical variations in the PT implant energy and dose are provided in Fig. 7(a) and (b) . In each plot, the y-axis is the relative frequency or fraction of devices that will have that particular edge leakage contribution if N devices are tested (assumes normal/Gaussian distribution). The symbols represent calculated results, and the dashed lines represent a lognormal fit to a subset of the data.
The results indicate that changes in the V th -adjust implant parameters have a significant impact on the radiation-induced edge leakage currents in n-channel MOSFETs. More specifically, the data demonstrate that a large spread in the leakage currents can result from a fairly tight normal distribution in the process parameters. It is important to recognize that the parasitic OFF-state leakage current does not exhibit a monotonic dependence on implant energy. Instead large deviations from the nominal energy, on either side, lead to significant increases in the edge leakage [6] . When the V th -adjust implant dose is decreased, the edge leakage current substantially increases and deviates from a lognormal trend. However, increases in the V th -adjust dose lead to minimal decreases in the OFF-state leakage current.
For variations in the PT implant, the modeled data also exhibit that a large spread in the leakage currents can result from a fairly tight normal distribution in the process parameters. In particular, large deviations from the nominal energy lead to significant increases in the OFF-state leakage. Note that the dashed line in Fig. 7(a) is a lognormal fit to the reduced PT implant energy data. As shown in Fig. 7(b) and Table IV , decreasing the dose of the PT implant also resulted Distribution of the radiation-induced edge leakage current for variations in the V th -adjust implant (a) energy and (b) dose. The symbols represent calculated results, and the dashed lines represent a lognormal fit to a subset of the data [6] .
in a substantial increase in the edge leakage current. That said, those data still follow a lognormal trend. However, when the PT implant dose was increased, the OFF-state leakage current marginally decreased and the data deviated from the lognormal trend.
One of the primary reasons that large deviations from the nominal energy of either MOSFET channel implant leads to substantial increases in the OFF-state leakage current is that a different radiation-induced parasitic is dominating the edge leakage response. For example, when the V th -adjust implant energy is decreased, parasitic edge transistors with thick gate oxides dominate (i.e., parasitics formed further down the sidewall), and when the energy is increased, parasitic edge transistors with thin gate oxides (i.e., parasitics formed closer to the STI corner) dominate the TID response. This is illustrated in the I -V characteristics presented in Figs. 8 and 9 for four parasitic edge devices. In Figs. 8 and 9 , parasitic "edge1" has a similar oxide thickness to the "as-drawn" device, and "edge10" has the thickest oxide of all the parasitic transistors. Recall that in the model there are ten parasitic transistors ("edge1" through "edge10") with increasing oxide thickness. When the implant energy is nominal, the thick oxide parasitic "edge10" dominates the OFF-state leakage response (Fig. 8) . When the energy is increased, the thin oxide "edge2" parasitic device dominates the response. Similar effects were also observed for variations in the dose of the channel implants (i.e., different parasitic devices dominated the OFF-state leakage). As discussed previously, the doping concentration along the STI sidewall determines which parasitic device will have the largest contribution to the OFF-state leakage current.
A similar type of effect would also be observed for variations in the tilt or angle of the channel implants. More specifically, variations in the tilt or angle would result in changes to the doping profile along the STI sidewall. As discussed above, this can have a significant impact on the radiation response of a device. In general, higher tilt angles will result in higher doping concentrations near the gate oxide/substrate interface Fig. 8 . Analytically determined drain currents versus gate bias for four parasitic edge devices. Parasitic "edge1" has a similar oxide thickness to the "as-drawn" device, and "edge10" has the thickest oxide thickness. These data were obtained for the nominal doping profile at a TID level of 2 Mrad(Si). Fig. 9 . Analytically determined drain currents versus gate bias for four parasitic edge devices. Parasitic "edge1" has a similar oxide thickness to the "as-drawn" device, and "edge10" has the thickest oxide thickness. These data were obtained for a doping profile produced with a 50% increase in the V th -adjust implant energy at a TID level of 2 Mrad(Si).
and lower doping concentrations further down the sidewall. For this case, a thicker oxide device would dominate the edge leakage response based on the observations above. For minimal tilt angles (i.e., almost perpendicular to the surface), the doping near the surface would decrease and the doping further down the sidewall would increase. This would likely lead to a thinner oxide device dominating the edge leakage response.
Shown in Fig. 10 are analytically determined OFF-state leakage currents versus N ot for variations in the V th -adjust implant energy and dose. The trapped charge levels are representative of TID levels between 0 and 2 Mrad(Si) based on experimental data [7] , [9] - [11] , [13] . Furthermore, the N ot values on the x-axis denote the trapped charge for z greater than 10 nm. Recall that for z less than 10 nm, the N ot values are different within the model. Also recall that short channel effects are not taken into account in the model. Thus, the analytically determined leakage current for lower N ot levels is underestimated compared to what was observed experimentally [10] . As seen in the plot, doping variations at lower N ot levels (i.e., lower TID levels) still lead to fluctuations in the leakage currents. However, there is not as large a spread. Also observe that the trend for increasing N ot levels is not linear.
IV. CONCLUSION
The effects of varying the dose and energy of the V th -adjust and PT channel implants on the radiation-induced edge parasitic devices were presented. This was accomplished by obtaining a doping profile for a given channel implant dose and energy from a 2-D simulator and then inserting the resulting profile into a modified form of the implicit equation for surface potential. The surface potential-based model also included a defect potential to model the effects of charge buildup along the STI sidewall. The results indicate that statistical variations in the channel implants can have a significant impact on the doping levels along the STI sidewall, and thus the radiation-induced edge leakage currents in n-channel MOSFETs. In general, it is imperative that process variability be minimized in advanced CMOS technologies because slight changes can result in significant changes in the doping profile. As shown here, that can adversely impact the radiation tolerance. While this paper focused on a 90-nm technology and the impact of changes to the dose or energy of the V th -adjust and PT implants, it is also applicable to more advanced technology nodes and other sources of process variation (e.g., RDF) [6] .
